INTRODUCTION {#SEC1}
============

Balanced deoxynucleoside triphosphate (dNTP) pools are critical for maintaining the fidelity of DNA replication. In yeast, the size of dNTP pools is strictly controlled during the cell cycle and expands just enough in the S-phase to allow efficient DNA replication ([@B1]). This is achieved through a tight regulation of the expression and activity of ribonucleotide reductase (RNR), the enzyme that catalyzes the rate-limiting step in *de novo* synthesis of dNTPs ([@B2]--[@B4]). Imbalanced, constantly high or low dNTP concentrations promote genome instability by affecting either the fidelity of DNA polymerases or by slowing down fork progression ([@B5]--[@B13]). On the other hand, the levels of dNTPs rise approximately 6- to 8-fold after treatment with DNA-damaging agents, such as ultraviolet (UV) light, methyl methanesulfonate and 4-nitroquinoline 1-oxide ([@B4]). In response to DNA damage, Mec1/Rad53/Dun1-mediated damage checkpoint activates RNR via degradation of its inhibitor Sml1 and by inducing the expression of genes encoding the RNR subunits ([@B3],[@B14]--[@B15]). The expansion of dNTP pools is essential for cell survival during DNA damage ([@B4]), and it is thought to facilitate lesion bypass by replicative DNA polymerases, as well as specialized translesion synthesis (TLS) DNA polymerases ([@B4],[@B16]). In agreement with this view, higher dNTP concentrations improve the efficiency of nucleotide insertion opposite lesions and extension of the resulting aberrant primer termini by various DNA polymerases *in vitro* ([@B16]--[@B21]). While facilitating lesion bypass, high dNTP levels could conceivably further reduce the fidelity of TLS DNA polymerases leading to accumulation of more mutations in the genome.

DNA polymerase ζ (Polζ) is a key player in mutagenic TLS in eukaryotic cells. Yeast Polζ is comprised of four subunits encoded by the *REV3, REV7, POL31* and *POL32* genes ([@B22],[@B23]). Despite being a member of the B family DNA polymerases ([@B24],[@B25]), Polζ lacks exonuclease activity and is at least two orders of magnitude less accurate than the replicative polymerases Polε and Polδ ([@B26]). It is essential for the bypass of most lesions acting predominately as an extender of aberrant primer termini formed at the lesion site ([@B19]--[@B20],[@B27]). Polζ-deficient cells are unable to undergo DNA damage-induced mutagenesis and show substantially reduced spontaneous mutagenesis ([@B28],[@B29]). In addition to its four subunits, the function of Polζ in TLS also requires Rev1, a protein that interacts with both replicative and TLS polymerases ([@B30]--[@B36]) and possesses deoxycytidyl transferase activity ([@B37]). The essential role of Rev1 is structural and likely involves recruiting Polζ to the lesion site and enhancing its lesion bypass capability ([@B38]). The catalytic activity of Rev1, although not important for the overall efficiency of TLS, is utilized during the bypass of some lesions and helps shape the mutagenic specificity of bypass ([@B39]--[@B44]). For example, the Rev1 deoxycytidyl transferase is responsible for the high frequency of C incorporation observed *in vivo* during the bypass of abasic sites, one of the most common DNA lesions ([@B40],[@B44]).

In addition to the important role in TLS, Polζ and Rev1 contribute to copying of undamaged cellular DNA in a variety of circumstances. They are recruited to undamaged templates when the normal replisome malfunctions because of a mutation affecting one of the replication proteins ([@B45]--[@B47]). We have shown that this recruitment is triggered by the replicative polymerase stalling at short hairpin DNA structures, which Rev1 and Polζ help to bypass ([@B46]). Because of the low fidelity of Polζ, its increased participation in the replication of undamaged DNA elevates the rate of spontaneous mutation leading to a phenomenon called defective-replisome-induced mutagenesis (DRIM). While originally discovered as a response to mutations in the replicative DNA polymerases α, δ and ε ([@B45],[@B48]--[@B49]), DRIM can also be promoted by defects in non-catalytic replisome components ([@B45],[@B50]--[@B54]) or replication-coupled chromatin remodelling ([@B55]), as well as by exposure of wild-type cells to the replication inhibitor hydroxyurea (HU) ([@B47]). Most recently, DRIM has been observed in yeast strains, in which replication deficiency was caused by a replacement of the catalytic domain of Polδ with that of bacteriophage RB69 DNA polymerase ([@B56]), providing further evidence that the recruitment of Polζ is a general response to replication impediment. Like DNA damage-induced mutagenesis, the DRIM phenotype is completely dependent on monoubiquitylation of proliferating cell nuclear antigen (PCNA) by Rad6/Rad18 ([@B45]), suggesting that the recruitment of Polζ-Rev1 to undamaged DNA is regulated similarly to the DNA damage response. However, it remained unknown whether replication defects that trigger DRIM also induce the expansion of dNTP pools, and, if so, whether this expansion is needed to facilitate Polζ-dependent mutagenesis.

We and others have recently shown that the mutagenic potential of many replicative DNA polymerase variants is greatly affected by changes in the intracellular dNTP levels ([@B5],[@B8]). Inspired by this finding, we set out to determine how natural increases in dNTP levels, such as those occurring during DNA damage response, affect the mutagenic properties of Polζ. We found that yeast strains showing the DRIM phenotype have expanded dNTP pools, in accord with the view that TLS enzymes must function at high dNTP levels. Surprisingly, the activity, fidelity or error specificity of purified Polζ~4~ and Polζ~5~ complexes *in vitro* were not greatly affected by the switch from 'normal S-phase' to 'damage-response' dNTP concentrations. Furthermore, we provide evidence that Polζ-dependent lesion bypass and Polζ-dependent mutagenesis during copying of undamaged DNA *in vivo* do not require high dNTP levels. These results argue that Polζ is less sensitive to fluctuations in the size of dNTP pools than the replicative DNA polymerases and, thus, Polζ may be uniquely capable of bypassing lesions or other impediments when dNTP pools are low. This finding explains why Polζ is involved in the generation of spontaneous mutations ([@B57],[@B58]), which presumably arise during the normal S-phase in cells with unexpanded dNTP pools.

MATERIALS AND METHODS {#SEC2}
=====================

*Saccharomyces cerevisiae* strains and plasmids {#SEC2-1}
-----------------------------------------------

The haploid *S. cerevisiae* strain E134 (*MATα ade5-1 lys2*::*InsE~A14~ trp1-289 his7-2 leu2-3*,*112 ura3-52*) and its isogenic derivative PS446 (same, but *rev3*Δ*::LEU2*) used for *in vivo* mutagenesis studies have been described previously ([@B45],[@B59]). The *pol3-Y708A* mutants were constructed by using HpaI-cut p170 plasmid as described earlier ([@B48]). The presence of the mutation was confirmed by sensitivity to 100 mM HU. The haploid strain PY330 (*MATa can1 his3 leu2 trp1 ura3 pep4::HIS3GAL nam7*Δ*::KanMX4 rev1*Δ*::HYG*) was used to overproduce Polζ~4~ and Polζ~5~. The plasmids used for the overproduction were pBL818 (same as pB813 ([@B22]) but the GST tag on *REV3* was replaced with the IgG binding domain ZZ tag), pBL347 ([@B22]) and pBL825 (*TRP1, GAL1-GST-REV1*).

Proteins {#SEC2-2}
--------

Preparations of *S. cerevisiae* PCNA and replication protein A (RPA) used in the fidelity assays have been described previously ([@B8]). *S. cerevisiae* replication factor C (RFC), as well as PCNA and RPA used in the replication assays, were overproduced and purified from *Escherichia coli* as described ([@B45],[@B60]--[@B63]). Rev1 was produced in yeast and purified as described ([@B64]). To produce Polζ~4~, the *REV3, REV7, POL31* and *POL32* genes were overexpressed from galactose-inducible promoters as described previously ([@B22]) except that an IgG-purification cassette (in plasmid pBL818) was used instead of the GST tag. Strains for overproduction of Polζ~5~ also contained plasmid pBL825. Strains were grown, galactose induction was carried out for 16 h and extracts were made through the ammonium sulfate precipitation step as described previously ([@B22]). Polζ~4~ and Polζ~5~ were purified from approximately 100 g of cells. Argon de-gassed buffers were used throughout the purification procedure. Ammonium sulfate pellets were resuspended in buffer A1 (50 mM Hepes (pH 8.0), 500 mM NaCl, 30 mM Na~2~HPO~4~/NaH~2~PO~4~ (рН 8.0), 8% glycerol, 0.05% Tween 20, 0.01% E10C12, 5 mM 2-mercaptoethanol, 10 μM pepstatin A, 10 μM leupeptin, 2.5 mM benzamidine, 0.5 mM phenylmethylsulfonyl fluoride) and gently agitated with 2 ml of IgG sepharose beads (GE Healthcare) for 2 h. The beads were packed into a disposable 20-ml BioRad column and washed with 20 bed volumes of buffer A1, followed by 50 bed volumes of A2 (A1 plus 5 mM MgCl~2~ and 1 mM ATP). The beads were washed with additional 20 bed volumes of buffer A1, re-suspended in four bed volumes of buffer A1 and digested overnight at 4°C with PreScission protease by gentle rotation of the capped column. After collection of the eluent, the beads were washed with additional four bed volumes of buffer A1. Fractions were combined and agitated with 0.5 ml Ni-NTA beads (QIAGEN) for 1 h to enrich for stoichiometric complexes containing Pol31- His~7~Pol32 in addition to Rev3-Rev7. The beads were packed into a disposable BioRad column and washed with 40 bed volumes of buffer B1 (50 mM Hepes (pH 8.0), 500 mM NaCl, 30 mM Na~2~HPO~4~/NaH~2~PO~4~ (рН 8.0), 8% glycerol, 0.05% Tween, 0.01% E10C12, 5 mM 2-mercaptoethanol, 20 mM imidiazole, 10 μM pepstatin A, 10 μM leupeptin, 2.5 mM benzamidine and 0.5 mM phenylmethylsulfonyl fluoride). The proteins were eluted with three bed volumes of buffer B2 (50 mM Hepes (pH 8.0), 500 mM NaCl, 30 mM Na~2~HPO~4~/NaH~2~PO~4~ (рН 8.0), 8% glycerol, 0.01% E10C12, 5 mM 2-mercaptoethanol, 300 mM imidiazole, 10 μM pepstatin A, 10 μM leupeptin, 2.5 mM benzamidine and 0.5 mM phenylmethylsulfonyl fluoride). All final preparations were dialyzed against buffer D (30 mM Hepes (pH 8.0), 200 mM NaCl, 8% glycerol, 0.01% E10C12 and 5 mM 2-mercaptoethanol).

Measurement of intracellular dNTP levels {#SEC2-3}
----------------------------------------

Yeast cells were cultured in either YPDA (1% yeast extract, 2% bacto-peptone, 2% glucose and 0.002% adenine) or YPDA with 20 mM HU at 30°C and 180 rpm. The dNTP pools were measured in asynchronous cultures at OD~600~ of 0.3 or indicated time points as described in ([@B65]). Briefly, 3.7 × 10^7^ cells were harvested by filtration, and nucleotides were extracted with trichloroacetic acid and MgCl~2~, followed by neutralization with a Freon-trioctylamine mix. The dNTPs were separated from NTPs using boronate columns and analyzed by high pressure (or high performance) liquid chromatography. Flow cytometry analysis was performed as described in ([@B16]).

DNA polymerase activity assays {#SEC2-4}
------------------------------

Oligonucleotides SKII-682 (5΄-TATCGATAAGCTTGATATCGAATTCC-3΄), pr100mer (5΄-Cy3-GGTATCGATAAGCTTGATATCGAATT-3΄) and 100mer (5΄-AACAAAAGCTGGAGCTCCACCGCGGTGGCGGCCGCTCTAGAACTAGTGGATCCCCCGGGCTGCAGGAATTCGATATCAAGCTTATCGATACCGTCGACCT-3΄) were obtained from Integrated DNA Technologies and purified by either PAGE or high-pressure liquid chromatography before use. SKII-682 annealed to the 3-kb circular Bluescript ssSKII DNA. The 100mer was circularized using a bridging primer and T4 ligase (NEB) and purified on urea-PAGE, and the pr100mer Cy3-labeled primer was annealed. All standard 10-μl assays contained 40 mM Tris-HCl pH 7.8, 1 mM dithiothreitol, 0.2 mg/ml bovine serum albumin, 8 mM MgAc~2~, 125 mM NaCl, 0.5 mM ATP and either S-phase or damage-response concentrations of dNTPs (39 μM dCTP, 66 μM dTTP, 22 μM dATP and 11 μM dGTP for S-phase or 195 μM dCTP, 383 μM dTTP, 194 μM dATP and 49.5 μM dGTP for damage-response concentrations ([@B4],[@B16])). Primed templates were coated with RPA, PCNA was loaded by RFC for 30 s at 30°C, and replication reactions were initiated by the addition of the indicated DNA polymerases. The complex of Polζ~4~ and Rev1 was pre-formed on ice for 30 min. Replication assays on the 3-kb circular DNA contained 2 nM primed ssDNA template, 200 nM RPA, 30 nM PCNA, 6 nM RFC and 30 nM of the indicated polymerase(s). The α-^32^P-dGTP was added as the radioactive tracer, and reactions were incubated at 30°C for 30 and 60 min. Reactions were stopped with 50 mM ethylenediaminetetraacetic acid (EDTA) and 0.2% sodium dodecyl sulphate and analyzed on a 1.2% alkaline agarose gel. Primer extension assays on the 100-mer ssDNA contained 10 nM 5΄-Cy3-labeled DNA substrate, 40 nM RPA, 30 nM PCNA, 6 nM RFC and 30 nM of the indicated polymerase(s). Reactions were incubated at 30°C for 0.5, 1 and 2 min. Reactions were stopped with 50% formamide, 10 mM EDTA and 0.1% sodium dodecyl sulphate and analyzed on 12% polyacrylamide-7 M urea gel. Quantification was done by either phosphorimaging of the dried gel (^32^P) or fluorescence imaging on a Typhoon system.

Measurement of DNA polymerase fidelity *in vitro* {#SEC2-5}
-------------------------------------------------

M13mp2 gapped substrate was prepared and gel-purified as described previously ([@B8],[@B66]). DNA synthesis reactions (25 μl) contained 40 mM Tris-HCl (pH 7.8), 60 mM NaCl, 8 mM MgAc~2~, 0.5 mM ATP, 1 mM dithiothreitol, 0.2 mg/ml bovine serum albumin, 20 nM PCNA, 8 nM RFC, 200 nM RPA, 1 nM gapped substrate and 40 nM Polζ~4~ or 50 nM Polζ~5~. The reactions were performed at either equimolar dNTP concentrations (100 μM each) or at the intracellular concentrations (S-phase or damage-response). The reactions were incubated at 30°C for 1 h and stopped by placing the reactions on ice and adding 1.5 μl of 0.5 M EDTA. The efficiency of gap filling was determined by agarose gel electrophoresis ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Aliquots of the reactions were used for transformation of *E. coli* to determine the frequency of mutant plaques. The purification of mutant M13mp2 plaques and isolation of ssDNA were performed as described previously ([@B66]). Error rates for individual types of mutations were calculated by using the following equation: ER = \[(N~i~/N) × MF\]/(D × 0.6) where N~i~ -- the number of mutations of a specific type, N -- the total number of analyzed mutant M13mp2 plaques, MF -- frequency of mutant M13mp2 plaques, D -- the number of sites in the *lacZ* reporter gene where this type of mutation can be detected and 0.6 is the probability that a mutant allele of the *lacZ* gene will be expressed in *E. coli* ([@B66]). Multiple mutations in a single mutant *lacZ* sequence were considered independent events and included separately in the error rate calculations if the distance between mutations was \>10 nucleotides. Multiple mutations separated by ten or fewer nucleotides were classified as complex mutations and excluded from the calculation of error rates for individual mispairs. The frequency of complex mutations, as well as the frequency of deletions of more than one nucleotide and large rearrangements, was calculated as the total number of these types of mutations divided by the total number of detectable mutations. All data are based on analysis of *lacZ* mutants from at least two independent gap-filling reactions. The statistical significance of differences in the rate of individual errors was assessed by Fisher\'s exact test by comparing proportions of plaques with a specific nucleotide change among all plaques (mutant and non-mutant) analyzed for that reaction. For example, in order to evaluate the significance of the increase in the rate of C-dCTP mispair in Polζ~5~ versus Polζ~4~ reactions at damage-response dNTPs, seven plaques with the C→G substitution found among the total of 7562 plaques analyzed for Polζ~5~ reaction were compared to one mutant plaque found among 11120 plaques analyzed for Polζ~4~ reaction (*P* = 0.0092, [Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}).

Measurement of mutant frequency *in vivo* {#SEC2-6}
-----------------------------------------

To determine the effect of HU treatment on DRIM, at least nine independent cultures were started for each strain (wild-type, *pol3-Y708A* and *pol3-Y708A rev3*Δ) from single colonies and grown overnight at 30°C in liquid YPDAU medium (1% yeast extract, 2% bacto-peptone, 2% glucose, 0.006% adenine, 0.00625% uracil) containing HU at concentrations indicated in Figure [5A](#F5){ref-type="fig"}. Appropriate dilutions of the overnight cultures were plated onto synthetic complete medium containing L-canavanine (60 mg/l) and lacking arginine (SC --CAN) for selection of Can^r^ colonies and onto synthetic complete (SC) medium for viability count. Can^r^ mutant frequency was calculated by dividing the number of Can^r^ mutants by the number of colonies on SC medium. The median frequency of Can^r^ mutants was used to compare mutagenesis in different strains and at different HU doses. The significance of the differences between mutation frequencies was estimated by using the Wilcoxon--Mann--Whitney non-parametric criterion.

To determine the effect of HU treatment on UV-induced mutagenesis, appropriate dilutions of overnight cultures of E134 and PS446 strains were plated onto SC and SC --CAN media containing HU at the concentrations indicated in Figure [5E](#F5){ref-type="fig"} and [Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}. The cells were irradiated with 10 J/m^2^ of 254-nm UV light within 15 min after plating and incubated at 30°C. The mutant frequency was calculated as described above. To study the effect of HU pre-treatment on UV-induced mutagenesis, overnight cultures of E134 strain were diluted 10-fold and grown for 4 h in the presence of 100 mM HU. Appropriate dilutions of the logarithmic cultures were plated onto SC and SC --CAN media containing 100 mM HU and irradiated with UV light at the doses indicated in [Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}. The mutant frequency was calculated as described above.

RESULTS {#SEC3}
=======

A replisome defect that triggers DRIM also induces the expansion of dNTP pools {#SEC3-1}
------------------------------------------------------------------------------

Various defects in the catalytic and accessory subunits of yeast replicative DNA polymerases impede the progression of the replication fork and cause DRIM ([@B45],[@B48]--[@B50],[@B52],[@B54],[@B56]). Among these, the *pol3-Y708A* mutation has been used most commonly for the mechanistic studies of DRIM ([@B45]--[@B47]) because of its rather strong mutator phenotype that is almost entirely Polζ-dependent. The mutation leads to an alanine substitution for Tyr708 at the active site of Polδ ([@B48]). It causes a moderate replication deficiency (as manifested by a reduced growth rate and HU sensitivity) and constitutive PCNA monoubiquitylation, a prerequisite for the TLS polymerase recruitment. Here, we use the *pol3-Y708A* mutant to test the hypothesis that replication stalling in mutants experiencing DRIM leads to an increase in dNTP levels. Measurement of the size of dNTP pools in logarithmically growing wild-type and *pol3-Y708A* strains showed a 7-fold increase in the total dNTP level in the *pol3-Y708A* mutant (Figure [1A](#F1){ref-type="fig"}). The increases for individual dNTPs ranged from approximately 6- to 9-fold and were similar to those observed during DNA damage response ([@B4]). Flow cytometry analysis of the logarithmically growing wild-type and *pol3-Y708A* cultures revealed that the *pol3-Y708A* strain had an abnormal cell cycle distribution, with a larger proportion of cells in the G2/M phase (Figure [1B](#F1){ref-type="fig"}). The prolonged G2/M phase may be a sign of checkpoint activation, which is likely responsible for the expansion of dNTP pools.

![Analysis of deoxynucleoside triphosphate (dNTP) pools and cell cycle in a DNA replication mutant that displays constitutively elevated Polζ-dependent mutagenesis. (**A**) Intracellular dNTP levels normalized to total NTP in wild-type and *pol3-Y708A* strains. Data are presented as mean ± SD (n = 3 for wild-type strains and n = 4 for *pol3-Y708A* mutants) with the numbers above the bars indicating the fold increase compared to the wild-type strain. (**B**) Fluorescence-activated cell sorter (FACS) analysis of asynchronous logarithmically growing wild-type and *pol3-Y708A* cultures that were used for dNTP pool measurements in (A).](gkw1149fig1){#F1}

The effect of dNTP levels on the catalytic activities of Polζ~4~ and Polζ~5~ {#SEC3-2}
----------------------------------------------------------------------------

We have previously shown that Rev1 associates with the four-subunit form of Polζ ([@B22]). In order to obtain a stoichiometric Polζ~5~ complex, we overproduced all five subunits (Rev3-Rev7-Pol31-Pol32-Rev1) in yeast and purified the complex by tandem affinity chromatography (Figure [2A](#F2){ref-type="fig"}). As controls, Polζ~4~ was purified from a *rev1*Δ strain and the single Rev1 protein was also purified from yeast.

![Polζ-dependent DNA synthesis at S-phase and damage-response dNTP concentrations. (**A**) Analysis of Rev1, Polζ~4~ and Polζ~5~ by electrophoresis in 10% sodium dodecyl sulphate-polyacrylamide gel. \*, Ssa1 chaperone co-purifies with overproduced Rev1 alone. (**B**) Schematic of the replication assays in (C) and (D), as described in Materials and Methods. (**C**) Alkaline agarose gel (1.2%) electrophoresis of replication products on primed Bluescript SKII ssDNA with the indicated DNA polymerases, and either S-phase or damage-response dNTPs. The tracer was \[α-^32^P\]-dGTP. (**D**) Urea-PAGE (12%) analysis of primer extension reactions on a 100-mer circular ssDNA with either S-phase or damage-response dNTPs. The 26-mer primer was labeled with Cy3. (**E**) Quantification of data in (D). The percentage of long products (≥60 nt) among all extension products is plotted.](gkw1149fig2){#F2}

The activities of the various complexes were tested on two primed circular ssDNA substrates, one 3 kb in length (SKII, Figure [2C](#F2){ref-type="fig"}), and the other 100 nt in length (100mer, Figure [2D](#F2){ref-type="fig"} and [E](#F2){ref-type="fig"}), in the presence of dNTP concentrations that mimic intracellular S-phase or damage-response levels. The S-phase concentrations were 39 μM dCTP, 66 μM dTTP, 22 μM dATP and 11 μM dGTP, and damage-response concentrations were 195 μM dCTP, 383 μM dTTP, 194 μM dATP and 49.5 μM dGTP, as described elsewhere ([@B16]). These concentrations were calculated based on the reported amount of dNTPs per cell in logarithmically growing yeast cultures or in cultures treated with 0.2 mg/l 4-nitroquinoline 1-oxide for 150 min ([@B4]) using a haploid yeast cell volume estimate of 45 μm^3^. Both SKII and 100mer DNA substrates allow stable loading of PCNA, which is an essential processivity factor for Polζ ([@B67]). PCNA was loaded by RFC, and replication of either template was initiated by the addition of the relevant DNA polymerases (Figure [2B](#F2){ref-type="fig"}). Analysis of replication of the 3-kb template showed that the activity of Polζ~4~ was inhibited upon the addition of Rev1 (Figure [2C](#F2){ref-type="fig"}, compare lanes 6, 7 with 2, 3 and 13, 14 with 9, 10). Furthermore, Polζ~5~ purified as a complex rather than reconstituted from Polζ~4~ and Rev1 showed a similar low activity (lanes 4, 5 and 11, 12). The increase in dNTP concentrations from the S-phase levels to the damage-response levels resulted in a significant increase in activity, which was only noticeable in reactions with Polζ~4~.

In the replication assay on the 3-kb template, metabolic labeling with ^32^P-dNTPs results in longer products being more radioactive. This amplifies the actual differences in the polymerase activity and complicates quantitative comparison. In order to obtain a more accurate assessment of the activities of Polζ complexes and the effects of dNTP levels, we carried out DNA synthesis assays using the 100mer template and a Cy3-labeled primer, and analyzed the replication products by urea-PAGE (Figure [2D](#F2){ref-type="fig"}). As a measure of replication activity, we determined the ratio of long extension products (60--100 nt) to short extension products (27--59 nt) (Figure [2E](#F2){ref-type="fig"}). Analogous to the results in Figure [2C](#F2){ref-type="fig"}, Rev1 inhibited DNA synthesis by Polζ~4~, and the isolated Polζ~5~ complex had a low activity similar to the complex reconstituted from Polζ~4~ and Rev1. The several-fold increase in dNTP concentrations (from S-phase to damage-response) resulted in only a minor increase in Polζ~4~ activity and no detectable increase in Polζ~5~ activity. It is worth noting that the effect of increasing the dNTP levels on Polζ~4~ was more pronounced on the 3-kb template (Figure [2C](#F2){ref-type="fig"}) compared to the 100mer template (Figure [2E](#F2){ref-type="fig"}), even after we take into account the amplification of differences due to the metabolic labeling in the former assay. One possible explanation is that a subtle increase in processivity at higher dNTP concentrations reduces the number of cycles of dissociation and re-association required to fully replicate the 3-kb template, thus resulting in a greater apparent increase in activity.

The fidelity and error specificity of Polζ~4~ and Polζ~5~ at S-phase and damage-response dNTP levels {#SEC3-3}
----------------------------------------------------------------------------------------------------

Next, we aimed to understand the effects of DNA damage-induced expansion of dNTP pools on the fidelity and error specificity of Polζ. To this end, we performed the M13mp2 *lacZ* forward mutation assay ([@B66]) with purified Polζ~4~ and Polζ~5~ using the S-phase and damage-response dNTP concentrations. In this assay, a 407-nt single-stranded gap in a double-stranded M13mp2 DNA is filled by DNA polymerases *in vitro* and nucleotide changes introduced during the gap-filling synthesis are detected by genetic selection in *E. coli*. All reactions were performed in the presence of the polymerase accessory proteins PCNA, RFC and RPA. Analysis of the reaction products by agarose gel electrophoresis showed that, under the conditions used (see Materials and Methods), the 407-nucleotide gap was filled completely by Polζ~4~ ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Consistent with the inhibitory effect of Rev1 described previously (([@B64]) and Figure [2](#F2){ref-type="fig"}), synthesis by Polζ~5~ was less efficient. Nevertheless, using a higher concentration of the five-subunit complex (50 nM instead of 40 nM), we were able to achieve a nearly complete gap filling ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}).

The frequency of *lacZ* mutants obtained upon transfecting *E. coli* with Polζ~4~ gap-filling reactions was only slightly elevated (1.3-fold) when damage-response dNTP concentrations were used instead of the S-phase dNTPs (Table [1](#tbl1){ref-type="table"}). As suggested by this minimal change, the increase in dNTP concentrations also did not greatly affect the overall error rate, and, notably, did not affect the error specificity of Polζ~4~ (Table [1](#tbl1){ref-type="table"} and Figure [3A](#F3){ref-type="fig"}). The mutational spectra of Polζ~4~ at both dNTP levels were dominated by single-base substitutions that occurred at rates of 7.5 × 10^−4^ and 9.2 × 10^−4^ at S-phase and damage-response dNTPs, respectively (Table [1](#tbl1){ref-type="table"}). The rate of single-base insertions/deletions (indels) was relatively low (1.7 × 10^−5^ and 2.9 × 10^−5^ for S-phase and damage-response dNTPs, respectively; Table [1](#tbl1){ref-type="table"}). Polζ~4~ was predominantly promiscuous at G template nucleotides at both dNTP levels. Interestingly, Polζ~4~ was very inefficient at generating all three types of X-dCTP mismatches, with the C-dCTP mismatch being the least frequent among all 12 possible mispairs (\<0.54 × 10^−5^ at S-phase dNTPs and 0.89 × 10^−5^ at damage-response dNTPs; Table [1](#tbl1){ref-type="table"} and Figure [3A](#F3){ref-type="fig"}). At both dNTP levels, Polζ~4~ showed notable propensity to create multiple sequence changes (Tables [1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"}). Their frequency was unaffected by the increase in dNTP concentrations. Approximately 5% of *lacZ* mutants contained multiple changes within short (≤10 nucleotides) stretches of DNA, which we classified as complex mutations and which Polζ is notorious for generating during TLS and copying of undamaged DNA *in vivo* ([@B47],[@B68]). An additional 10% contained multiple mutations separated by larger distances (Table [2](#tbl2){ref-type="table"}).

![Rates of individual single-base errors generated by Polζ *in vitro* at intracellular and equimolar dNTP concentrations. The diagrams show rates of single-base mispairs and insertion/deletion mismatches observed in reactions with (**A** and **C**) Polζ~4~ and (**B** and **D**) Polζ~5~ at (**A** and **B**) S-phase and damage-response dNTP concentrations and at (**C** and **D**) standard 100 μM dNTPs. Data in panels (A) and (B) are from Table [1](#tbl1){ref-type="table"}. Data for Polζ~4~ and Polζ~5~ at 100 μM dNTP are based on the analysis of 53 and 80 mutant plaques, respectively. In panels (A) and (B), 'X·dCTP' mispairs are shown as open bars.](gkw1149fig3){#F3}

###### Fidelity of *in vitro* DNA synthesis by Polζ~4~ and Polζ~5~ at cellular dNTP concentrations

                                 Polζ~4~^a^   Polζ~5~^a^                                                             
  ------------------------------ ------------ ------------ -------- ------- --- -------- ----- --- ------ ----- ---- ------
  Base substitutions (mispair)   237          18           75       182     9   92       166   9   125    147   24   135
  A → G (A·dCTP)                 10           1            2.9      2       1   0.97     10        6.6    9     2    7.5
  A → T (A·dATP)                 8            2            2.0      12          4.9      13        7.4    13    2    9.1
  A → C (A·dGTP)                 10                        3.8      4           2.5      7         6.1    8     1    8.6
  T → C (T·dGTP)                 20           1            5.2      16          6.9      10        6.0    6          4.4
  T → A (T·dTTP)                 23           5            10.5     10          7.5      6         6.3    7     1    9.1
  T → G (T·dCTP)                 12                        4.4      2           1.2      10        8.4    9     1    9.3
  G → A (G·dTTP)                 20           1            6.3      29      3   15       12    1   8.7    10    1    9.8
  G → C (G·dGTP)                 39           3            12       31          16       19        14     16    2    14
  G → T (G·dATP)                 46           3            14       44      4   22       36    4   25     37    5    32
  C → T (C·dATP)                 20                        5.7      18      1   8.5      11    1   7.2    13    4    11
  C → G (C·dCTP)                                           \<0.54   1           0.89     14    1   17     7     4    11
  C → A (C·dTTP)                 29           2            8.2      13          6.1      18    2   12     11    1    8.9
  Single-base indels             38                        1.7      39          2.9      33        3.5    27    1    3.4
  -1 run                         12                        0.54     17          1.3      18        1.9    8          1.0
  +1 run                         6                         0.27     9           0.67     2         0.21   8     1    1.0
  -1 non-run                     20                        0.90     12          0.89     13        1.3    8          1.0
  +1 non-run                                               \<0.04   1           0.074    1         0.10   3          0.38
  Complex^c^                     13                        4.5%     12          5.2%     19        8.6%   34         15%
  Other^d^                       3                         1.0%                 \<0.4%   3         1.4%   14         6.3%
  Total^e^                       291                                233                  221              222        
  *lacZ* mutant frequency        0.015        0.02         0.025    0.027                                            

^a^All reactions were performed in the presence of PCNA, RFC and RPA. The background mutation frequency for unfilled M13mp2 gapped substrate was 0.0009.

^b^Error rates (ER) for individual mutation types were calculated as described in Materials and Methods. Only detectable mutations were included in the error rate calculation. Percent of the total number of detectable mutations is shown for complex and 'other' types of mutations.

^c^Complex mutations are multiple changes within short DNA stretches (≤10 nucleotides; see Tables [2](#tbl2){ref-type="table"} and [3](#tbl3){ref-type="table"}).

^d^'Other' mutations include deletions of more than one nucleotide and large rearrangements (see Figure [4](#F4){ref-type="fig"}, Tables [2](#tbl2){ref-type="table"} and [3](#tbl3){ref-type="table"}).

^e^Data for Polζ~4~ at S-phase and damage-response dNTPs are based on the analysis of 280 and 220 mutant plaques, respectively. Data for Polζ~5~ at S-phase and damage-response dNTPs are based on the analysis of 210 and 207 mutant plaques, respectively. Some of the plaques contained multiple detectable mutations. The numbers show the total number of detectable mutations found in the plaques analyzed.

###### Complex and multiple mutations induced by Polζ~4~*in vitro*

  dNTPs             Mutation type   Sequence change                                           Location in *lacZ*
  ----------------- --------------- --------------------------------------------------------- --------------------
  S-phase           Complex         TC → CA                                                   80--81
                                    CCC → TC                                                  −45 to −43
                                    GTG → TTT                                                 82--84
                                    TCG → TTCA                                                139--141
                                    TGGCC → GGC (2X)                                          61--65
                                    [T]{.ul}AATA[G]{.ul} → [C]{.ul}AATA[A]{.ul}               152--157
                                    [G]{.ul}TTTTA[C]{.ul} → [T]{.ul}TTTTA                     69--75
                                    [C]{.ul}CCTTCCC[A]{.ul} → [T]{.ul}CCTTCCC[T]{.ul}         179-- 87
                                    [ATTA]{.ul}CGAATTCAC[TG]{.ul} → CGAATTCAC                 48--62
                                    [ATTA]{.ul}CGAATTCAC[TGGCC]{.ul} → CGAATTCAC[GC]{.ul}     48--65
                    Multiple        A → G; T → G                                              91; 103
                                    C → A; T → A                                              134; 147
                                    G →T; ΔG                                                  102; 123
                                    G → C; ΔG                                                 148; 169
                                    A → G; T → G                                              48; 70
                                    G → T; C → A                                              53; 81
                                    G → T; T → C                                              −68; −36
                                    C → A; G → C                                              81; 118
                                    T → A; +T                                                 98; 139
                                    ΔC; ΔC                                                    143; 189
                                    C → A; G → T                                              37; 88
                                    G → T; A → G                                              102; 153
                                    T → C; ΔG                                                 104; 159
                                    C → A; A → T                                              −55; 1
                                    T → A; T → C                                              67; 138
                                    C → T; G → T                                              58; 148
                                    C → A; T → A                                              −16; 87
                                    T → C; T → A                                              −58; 49
                                    T → A; C → T                                              −50; 58
                                    T → A; T → C                                              −2; 121
                                    G → A; A → T                                              −66; 59
                                    G → A; A → C                                              9; 171
                                    G → T; G → T                                              −68; 102
                                    G → T; +T                                                 −38; 139
                                    G → C; G → T                                              −84; 102
                                    T → C; G → C                                              −22; 169
                                    T → A; GTAA → GTTTT                                       −54; 151--154
                                    G → T; G → C                                              −84; 148
                                    GA → TG; G → T                                            −66 to −67; 149
                                    T → A; G → C; ΔG                                          −67; 100; 126
  Damage-response   Complex         GTG → TTTG                                                −6 to −4
                                    GTG → TTT                                                 82--84
                                    TGC → CC                                                  122--124
                                    CGCAC → T                                                 168--172
                                    TGGCC → GGC (2X)                                          61--65
                                    AGCTGC → TGCGCA                                           190--195
                                    [C]{.ul}GTCGT[G]{.ul} → GTCGT[T]{.ul}                     78--84
                                    [T]{.ul}CCCCC[TTT]{.ul} → [A]{.ul}CCCCC[TTTT]{.ul} (4X)   131--139
                    Multiple        G → A; T → C                                              99; 112
                                    A → G; G → T                                              130; 145
                                    G → C; A → C                                              99; 130
                                    G → T; G → T                                              53; 84
                                    G → T; G → A                                              118; 157
                                    T → C; G → T                                              −36; 11
                                    G → C; C → T                                              118; 180
                                    G → T; G → A                                              −1; 66
                                    G → T; A → C                                              123; 190
                                    G → T; A → C                                              −66; 28
                                    C → A; A → T                                              −55; 39
                                    G → T; A → G                                              88; 188
                                    T → C; G → T                                              −21; 84
                                    G → T; ΔG                                                 12; 123
                                    T → A; G → C                                              56; 141
                                    G → T; G → C                                              53; 169
                                    A → T; ΔA                                                 −26; 94
                                    T → G; T → C                                              −63; 61
                                    G → C; G → C                                              −68; 79
                                    G → A; G → T                                              −68; 84
                                    G → A; +T                                                 −77; 139
                                    G → A; +T                                                 −84; 139
                                    ΔG; G → C                                                 −47; 178

Sequence changes are listed in the order of increasing distance between two nucleotide changes. Mutations with the distance between them of 10 nucleotides or fewer were considered complex mutations and counted as a single event. All other detectable nucleotide changes were included into calculation of error-rates for individual mutation types in Table [1](#tbl1){ref-type="table"}. Δ, deletion; +, insertion.

Because Rev1 is indispensable for Polζ-dependent mutagenesis *in vivo*, we examined how the presence of Rev1 modulates the fidelity of Polζ. We found that the five-subunit complex was slightly more error-prone than Polζ~4~. The frequencies of *lacZ* mutants determined upon transfecting *E. coli* with the products of Polζ~5~ gap-filling reactions were increased approximately 1.5-fold at both S-phase and damage-response dNTP concentrations in comparison to reactions with Polζ~4~ (Table [1](#tbl1){ref-type="table"}). As in the case of Polζ~4~, the switch from S-phase to damage-response dNTP concentrations did not greatly affect the *lacZ* mutant frequency, the overall error rate or the error specificity of Polζ~5~ complex (Table [1](#tbl1){ref-type="table"} and Figure [3B](#F3){ref-type="fig"}). Like Polζ~4~, the five-subunit complex was the most promiscuous at G nucleotides, with G-dATP being the most frequently generated mispair. Generally, the error spectra produced by Polζ~5~ were remarkably similar to those of Polζ~4~, with one important exception: the presence of Rev1 significantly increased the rates of all three X-dCTP mispairs (Table [1](#tbl1){ref-type="table"}, Figure [3B](#F3){ref-type="fig"} and [Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}). This increase accounted for most of the difference in the overall error rate between Polζ~4~ and Polζ~5~. The dCTP misincorporation is likely due to the deoxycytidyl transferase activity of Rev1, and it indicates that Polζ and Rev1 can exchange at the primer terminus during DNA synthesis *in vitro*. In comparison to Polζ~4~, a somewhat higher proportion of *lacZ* mutations from Polζ~5~ reactions constituted complex changes (9% and 15% at S-phase and damage-response dNTP concentrations, respectively). This is consistent with the important role of Rev1 in the generation of Polζ-dependent complex mutations *in vivo* ([@B46]). An additional 7% and 15% of *lacZ* mutants from reactions with S-phase and damage-response dNTPs, respectively, contained multiple mutations separated by more than 10 nucleotides (Table [3](#tbl3){ref-type="table"}). Interestingly, Polζ~5~ reactions produced a new class of large rearrangements, which involved substitutions of a large stretch of DNA (\>30 nucleotides) with a different, typically much shorter, sequence (Table [3](#tbl3){ref-type="table"}). At damage-response dNTP concentrations, these large rearrangements were observed in 5% of *lacZ* mutants. Unlike complex mutations affecting short stretches of DNA, such large rearrangements are not usually seen in the spectra of Polζ-dependent mutations *in vivo*. It is possible that they result from the inhibitory effect of Rev1 on Polζ-dependent synthesis *in vitro* and may not be relevant to *in vivo* situations.

###### Complex mutations, multiple mutations and large rearrangements induced by Polζ~5~*in vitro*

  dNTPs             Mutation type          Sequence change                                                                                                                                                   Location in *lacZ*
  ----------------- ---------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------
  S-phase           Complex                TA → G                                                                                                                                                            −50 to −49
                                           GC →T                                                                                                                                                             −38 to −37
                                           TA → AGC                                                                                                                                                          38--39
                                           TA → AG                                                                                                                                                           38--39
                                           GG → TC                                                                                                                                                           89--90
                                           GC → AT                                                                                                                                                           145--146
                                           ATG → TTT                                                                                                                                                         −11 to −9
                                           GTG → CTT                                                                                                                                                         82--84
                                           GCG → TCC                                                                                                                                                         100--102
                                           CTG → ATT                                                                                                                                                         146--148
                                           GCA → CCC                                                                                                                                                         169--171
                                           TGCA → G                                                                                                                                                          122--125
                                           GCTG → CCTA                                                                                                                                                       145--148
                                           AATAG → AT                                                                                                                                                        153--157
                                           GTAATAG → T                                                                                                                                                       151--157
                                           TTAATGT → ATAAAGA                                                                                                                                                 −73 to −67
                                           AAGAGGCCC → GGGGGCC                                                                                                                                               160--168
                    Multiple               C → G; ΔC                                                                                                                                                         146; 158
                                           ΔT; C → A                                                                                                                                                         113; 129
                                           ΔA; C → A                                                                                                                                                         −45; −23
                                           ΔA; C → A                                                                                                                                                         94; 146
                                           T → C; G → T                                                                                                                                                      −58; 7
                                           C → T; [C]{.ul}CCC[C]{.ul} → [T]{.ul}CCC[T]{.ul}                                                                                                                  68; 132--136
                                           ΔG; G → T; G → T                                                                                                                                                  −38; 41; 53
                                           C → G; T → G; G → T                                                                                                                                               −55; 3; 47
                                           G → T; ΔT                                                                                                                                                         12; 122
                                           ΔC; A → T; T → C                                                                                                                                                  10; 31; 121
                                           G → T; G → T; G → C                                                                                                                                               63; 149; 178
                                           C → A; C → G                                                                                                                                                      −59; 60
                                           del(90); T → C; G → A                                                                                                                                             −167 to −77; −34; 84
                                           T → C; G → A                                                                                                                                                      −10; 191
                    Large rearrangements   TGTGTGGAATTGTGAGCGGATAACAATTTCAC → CGT                                                                                                                            −7 to 25
  Damage-response   Complex                TA → CT                                                                                                                                                           38 -- 39
                                           TG → CT                                                                                                                                                           87--88
                                           GG → TC                                                                                                                                                           88--89
                                           GC → CT                                                                                                                                                           149--150
                                           GG → CT                                                                                                                                                           148--149
                                           CCC → GCCT                                                                                                                                                        134--136
                                           TCG → CA                                                                                                                                                          176--178
                                           GCAC → TC                                                                                                                                                         −47 to −44
                                           CGTG → TGTA                                                                                                                                                       81--84
                                           AAAA → GAAC                                                                                                                                                       91--94
                                           TTA → GTC                                                                                                                                                         103--105
                                           ATGTT → TAGTTT                                                                                                                                                    −11 to −7
                                           TCGTG → GTGTA                                                                                                                                                     80--84
                                           TCGTG → GGGGGG                                                                                                                                                    80--84
                                           CGCAC → GGCA                                                                                                                                                      168--172
                                           [C]{.ul}CGTC[G]{.ul} → [A]{.ul}CGTC[C]{.ul}                                                                                                                       64--69
                                           [G]{.ul}CACC[G]{.ul} → [C]{.ul}CACC[T]{.ul}                                                                                                                       169--174
                                           TCCCAA → AT                                                                                                                                                       183--188
                                           [A]{.ul}TCCCC[C]{.ul} → [T]{.ul}TCCCC[T]{.ul}                                                                                                                     130--136
                                           [A]{.ul}GAGG[C]{.ul} → [G]{.ul}GAGG[GGG]{.ul}                                                                                                                     161--167
                                           GTGTGGAAT → TTTGAAAG                                                                                                                                              −6 to 3
                                           [T]{.ul}CCCCC[TTT]{.ul} → [C]{.ul}CCCCC[TTTTAT]{.ul}                                                                                                              131--140
                                           AGCACATCCCCC → TCC                                                                                                                                                125--136
                                           [A]{.ul}CCCTGGCGTT[A]{.ul} → [C]{.ul}CCCTGGCGTT[C]{.ul}                                                                                                           94--105
                                           [ATTA]{.ul}CGAATTCACT[GG]{.ul} → CGAATTCACT[G]{.ul}                                                                                                               48--63
                    Multiple               CCCAGGCTTTACAC → Δ; C → T                                                                                                                                         −43 to −30; −20
                                           G → T; C → G                                                                                                                                                      89; 101
                                           TG → AA; ΔG                                                                                                                                                       --69 to −68; 47
                                           C → T; A → T                                                                                                                                                      −14; 24
                                           +T; C → G                                                                                                                                                         139; 177
                                           G → A; A → G                                                                                                                                                      149; 188
                                           A → T; ΔC                                                                                                                                                         128; 168
                                           G → T; A → T                                                                                                                                                      88; 130
                                           A → T; C → A                                                                                                                                                      24; 68
                                           C → T; G → T; G → C                                                                                                                                               134; 151; 178
                                           G → T; A → G                                                                                                                                                      84; 130
                                           A → C; [T]{.ul}CCCC[C]{.ul} → [TT]{.ul}CCCC[T]{.ul}                                                                                                               94; 131--136
                                           T → G; GCG → CCT                                                                                                                                                  104; 149--151
                                           G → T; C → A                                                                                                                                                      84; 136
                                           T → A; +T                                                                                                                                                         80; 139
                                           GTCGTTTTACAACG → TTTTTTAA; [T]{.ul}CCCC[C]{.ul} → [TT]{.ul}CCCC[T]{.ul}                                                                                           66--76; 131--136
                                           G → C; A → G                                                                                                                                                      79; 161
                                           C → A; C → G                                                                                                                                                      65; 146
                                           A → C; GGC → AGG                                                                                                                                                  85; 164--166
                                           G → T; [A]{.ul}ACAA[TTT]{.ul} → [G]{.ul}ACAA[TTTT]{.ul}; [C]{.ul}GTTTTACAAC[G]{.ul} → [T]{.ul}GTTTTACAAC[A]{.ul}                                                  −4; 15--23; 68 -- 79
                                           G → C; G → C; G → T                                                                                                                                               −9; 11; 88
                                           G → T; G → C                                                                                                                                                      −18; 88
                                           C → G; C → G                                                                                                                                                      10; 142
                                           G → T; G → T                                                                                                                                                      −47; 88
                                           C → A; A → T                                                                                                                                                      10; 160
                                           C → T; +T                                                                                                                                                         −30; 139
                                           +T; GGCGTTA → TTCGGTC                                                                                                                                             −71; 99--105
                                           G → A; ΔA; G → T                                                                                                                                                  −24; 94; 157
                                           T → A; C → T                                                                                                                                                      −2; 189
                                           T → C; G → T; G → A                                                                                                                                               −36; 149; 164
                                           A → T; C → T                                                                                                                                                      −74; 136
                    Large rearrangements   GTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTC → TTTTA                                                                                                                   102--140
                                           GTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGA → AC                                                                                                                     −9 to 31
                                           CGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGG → TGTATT                                                                                                             −14 to 31
                                           GACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCA → TTTTTTT                                                                                       −150 to −52
                                           CAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTG → ATTAGTA                                                                                           −127 to −66
                                           CTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGAC → AA                                                                                           −23 to 43
                                           GTTGTGTGGAATTGTGAGCGGATAACAATTTCACAC → A; A→C                                                                                                                     −9 to 27; 59
                                           TGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGG → AG                                                                                                                     −10 to 30
                                           GACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATG → TTTT                                                                          −105 to −24
                                           CTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGAATTCACTGGCCGTCGTTTT → TCTGGTTCGCTTTGAAGCTCGAATTAAAACGCGATATTTGAAGTCTTTCGGGCTTCCTCTTAATCTT   −16 to 73

See Table [2](#tbl2){ref-type="table"} legend for detailed explanation of symbol and data representation.

Prior to this work, the error specificity of Polζ has been studied using equimolar (100 μM) dNTP concentrations and enzyme preparations containing mostly Rev3--Rev7 subassembly ([@B26]). Although the mutational spectrum observed in that earlier study similarly showed a predominance of base substitutions and a high frequency of complex mutations, the spectrum of base substitutions was drastically different from the one shown in Figure [3A](#F3){ref-type="fig"}. To determine if the proper dNTP balance was the key in shaping the error signature of Polζ, we performed gap-filling reactions with Polζ~4~ and Polζ~5~ using 100 μM concentration of each dNTP. The average *lacZ* mutant frequency for Polζ~4~ reactions (0.018) and the overall error rate for single-nucleotide changes (8.7 × 10^−4^) were similar to those observed at the intracellular dNTP levels. However, the error specificity of Polζ~4~ in reactions with equimolar dNTPs was profoundly different (Figure [3C](#F3){ref-type="fig"}). The dGTP misincorporation became the predominant source of mutations, with the G-dGTP mispair being the single most frequent error. The use of equimolar dNTP concentrations also elevated the rate of C-dCTP mispair more than 7-fold in comparison to reactions with intracellular dNTPs (Figure [3A](#F3){ref-type="fig"} and [C](#F3){ref-type="fig"} and [Supplementary Figure S2C](#sup1){ref-type="supplementary-material"}). At the same time, the use of 100 μM dNTPs significantly lowered the ability of Polζ~4~ to misincorporate dTTP: the rates of all three possible X-dTTP mispairs were drastically decreased (Figure [3A](#F3){ref-type="fig"} and [C](#F3){ref-type="fig"} and [Supplementary Figure S2C](#sup1){ref-type="supplementary-material"}). The changes in the base substitution pattern were consistent with the dNTP imbalance introduced by the use of equimolar concentrations (relatively higher dGTP and dCTP levels, and a lower dTTP level). Interestingly, the percentage of *lacZ* mutants resulting from complex mutations was greater at 100 μM dNTPs and constituted 13% (compared to 5% with intracellular dNTPs). Similar results were observed with Polζ~5~: its overall error rate at 100 μM dNTPs (1.7 × 10^−3^) was comparable to that at the intracellular dNTPs (Table [1](#tbl1){ref-type="table"}), but the spectrum of single-base changes was dramatically different (Figure [3B](#F3){ref-type="fig"} and [D](#F3){ref-type="fig"} and [Supplementary Figure S2D](#sup1){ref-type="supplementary-material"}). As in the case of Polζ~4~, the majority of mutations produced by Polζ~5~ at 100 μM dNTPs resulted from dGTP and dCTP incorporation, with the G-dGTP being the single most frequent error (Figure [3D](#F3){ref-type="fig"}). Again, this is consistent with the non-physiological high levels of dGTP and dCTP in the reactions with equimolar dNTPs. Taken together, these data provide evidence that, although the shift from S-phase to damage-response dNTP concentrations does not affect the fidelity and error specificity of Polζ~4~ or Polζ~5~, a non-physiological dNTP ratio, as in the case of 100 μM dNTPs, can dramatically change the error signature of these polymerases.

Figure [4](#F4){ref-type="fig"} shows the distribution in the *lacZ* sequence of single-nucleotide changes made by Polζ~4~ and Polζ~5~ at the intracellular dNTP concentrations. The overall distribution of mutations appears to be quite uniform in all four spectra, with the exception of several mild hotspots. The strongest hotspot was observed in the Polζ~4~ spectra for a +1 frameshift in the TTT homonucleotide run at position 137--139 where almost all +1 frameshifts occurred (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). Although we could not discern any specific nucleotide context for generating particular types of mutations by Polζ~4~, it could be noted that most of the sites with frequent G misincorporation are followed by a template C, such as at positions −36, 121, 169, 171, 178 in the 'S-phase' mutational spectrum and 79, 121, 141 in the 'damage-response' mutational spectrum. This might point to primer-template misalignment as a possible mechanism for generating these types of mutations at these particular sites. The presence of Rev1 in the complex with Polζ~4~ did not change the distribution of mutations (Figure [4C](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"}), suggesting that Rev1 does not stimulate misincorporation of nucleotides at any particular sequence context.

###### 

Spectra of single-base substitutions and insertion/deletion mutations generated by Polζ complexes in the *lacZ* gene at cellular dNTP concentrations. (**A**) Polζ~4~, S-phase dNTPs. (**B**) Polζ~4~, damage-response dNTPs. (**C**) Polζ~5~, S-phase dNTPs. (**D**) Polζ~5~, damage-response dNTPs. In addition to the mutations shown, one *lacZ* mutant contained a large deletion spanning nucleotides −119 to 150. Base substitutions are displayed above the *lacZ* sequence, insertions and deletions are below the *lacZ* sequence. Single-base deletions and insertions are shown as triangles and letters with a '+' symbol, respectively. Deletions of more than one nucleotide are indicated by a line below the sequence with a number of deleted nucleotides next to it. Detectable mutations are in black, bold text. Silent mutations are in grey. Data are summarized in Table [1](#tbl1){ref-type="table"} and Figure [3](#F3){ref-type="fig"}.
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Polζ-dependent mutagenesis *in vivo* does not require high dNTP levels {#SEC3-4}
----------------------------------------------------------------------

The *in vitro* data described in the previous subsections indicate that the switch from the S-phase to the damage-response dNTP concentrations could facilitate copying of long DNA stretches by Polζ. At the same time, Polζ activity on shorter templates, fidelity and error specificity are only minimally affected by dNTP levels. In yeast cells, Polζ-dependent mutagenesis is mostly observed when dNTP pools are expanded. We, therefore, aimed to determine whether high dNTP levels are essential for Polζ function *in vivo*. We first tested whether depletion of dNTP pools by treatment with HU, an inhibitor of RNR ([@B69]), would decrease Polζ-dependent spontaneous mutagenesis in the *pol3-Y708A* strain. Because the *pol3-Y708A* mutant cannot tolerate high HU concentrations ([@B48]), we used a range of lower concentrations (10--20 mM) that did not cause growth arrest in this strain. At 20 mM HU, dNTP pools in the *pol3-Y708A* mutant were reproducibly decreased by approximately 25% within 2 h after the addition of the drug to logarithmically growing cultures (Figure [5B](#F5){ref-type="fig"}). An isogenic wild-type strain also showed decreased average dNTP levels in the first 30 min of treatment with 20 mM HU (Figure [5B](#F5){ref-type="fig"}), although at least some of it could be attributed to the changing cell cycle distribution. Particularly, the proportion of G1 cells, which have approximately 2-fold lower dNTP pools ([@B4]), varied between the time points (Figure [5C](#F5){ref-type="fig"}). In contrast, the cell cycle distribution in the *pol3-Y708A* strain did not change significantly during the 2 h in 20 mM HU (Figure [5C](#F5){ref-type="fig"}), so the dNTP measurements shown in Figure [5B](#F5){ref-type="fig"} reflect the actual decrease in intracellular levels. Remarkably, the frequency of mutation to canavanine resistance (Can^r^) in the *pol3-Y708A* strain was not reduced in the presence of HU, but was in fact slightly elevated (up to 2-fold at 20 mM HU; Figure [5A](#F5){ref-type="fig"}). The mutator effect of *pol3-Y708A* in the presence of HU remained completely dependent on Polζ: the mutant frequency in the *pol3-Y708A rev3*Δ strain was similar to that in the wild-type strain. These data indicate that the participation of Polζ in replication of undamaged DNA *in vivo* does not depend on high dNTP levels, and that it is stimulated rather than suppressed by the decrease in dNTP pools. It is, therefore, likely that the high dNTP pools in the *pol3-Y708A* strain are required for efficient replication by Polδ rather than Polζ. In support of this idea, we found that the moderate decrease in dNTP concentrations induced by low doses of HU in our experiments led to a dramatic reduction in the survival of the *pol3-Y708A* strain (Figure [5D](#F5){ref-type="fig"}). Replication problems caused by the Polδ defect are likely exacerbated by dNTP depletion, increasing the need for the recruitment Polζ, whose function is unaffected by the reduced dNTP levels.

![Polζ-dependent mutagenesis *in vivo* does not require high dNTP levels. (**A**) The effect of hydroxyurea (HU) treatment on the Polζ-dependent mutator phenotype of the *pol3-Y708A* yeast strain. Wild-type, *pol3-Y708A* and *pol3-Y708A rev3*Δ strains were grown overnight in the presence of indicated HU concentrations and then plated onto selective and complete media. Mutant frequencies are medians and 95% confidence intervals for at least 18 independent cultures. (**B**) Time course analysis of intracellular dNTP levels in wild-type and *pol3-Y708A* strains treated with 20 mM HU. Time after the addition of HU is indicated on the X-axis. The dNTP levels are normalized to total NTPs. Data are presented as the mean for two independent measurements. Error bars represent the range of values. (**C**) FACS analysis of HU-treated cultures of wild-type and *pol3-Y708A* strains that were used for dNTP pool measurements in *B*. Time after the addition of HU is indicated on the left. (**D**) The effect of HU treatment on survival of the *pol3-Y708A* and wild-type strains. The strains were grown overnight in the presence of indicated HU concentrations, and appropriate dilutions were then plated on SC medium. Survival was determined by dividing the number of colonies from HU-treated cultures by the number of colonies from untreated cultures. Data are means for 18 independent cultures. Standard errors are shown unless the size of the error bar is smaller than the size of the plot symbol. (**E**) The effect of HU treatment on Polζ-dependent mutagenesis induced by 10 J/m^2^ UV irradiation. Overnight cultures of the wild-type and *rev3*Δ strains were plated onto selective and complete media with indicated HU concentrations and then irradiated with 10 J/m^2^ of UV light. Data are the average frequencies and standard errors for three independent determinations.](gkw1149fig5){#F5}

Next, we examined whether high dNTP pools are required for Polζ-dependent mutagenesis during lesion bypass. While Polζ is predominately an extender polymerase during TLS across from most DNA lesions, previous studies showed that it might be a major polymerase involved in the bypass of UV-induced lesions at low doses of UVC light ([@B70],[@B71]). To study whether Polζ-dependent mutagenesis at low UV doses is affected by changes in dNTP pools, we measured UV-induced Can^r^ mutant frequency in the presence of HU, such that the bypass of UV lesions would happen in cells with reduced dNTP levels. Overnight cultures were plated on complete and selective media containing HU at the concentrations indicated in Figure [5E](#F5){ref-type="fig"} and irradiated with 10 J/m^2^ of 254 nm UV light within 15 min after plating. These experiments were done with wild-type yeast strains, so we could use higher HU concentrations (up to 100 mM), which deplete dNTP pools more efficiently. UV-induced mutagenesis was only marginally decreased (approximately 1.5-fold) at the highest dose of HU, while still remaining an order of magnitude higher than the level of spontaneous mutagenesis (Figure [5E](#F5){ref-type="fig"}). Notably, UV-induced mutagenesis observed in the presence of HU was completely dependent on Polζ: no induced mutagenesis was seen in the *rev3Δ* strain with or without HU (Figure [5E](#F5){ref-type="fig"}). These data indicate that, like copying of undamaged DNA, lesion bypass by Polζ *in vivo* does not require high dNTP pools. Mutagenesis at higher UV doses, however, was significantly suppressed by the HU treatment ([Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}), consistent with the idea that high dNTP levels are required for the activity of other DNA polymerases that become important for TLS at these doses.

To strengthen the conclusion that Polζ function in TLS and damage-induced mutagenesis does not require high dNTP pools, we measured UV-induced Can^r^ mutant frequency in cells that were pre-treated with 100 mM HU for 4 h before UV irradiation. We reasoned that dNTP pools in this case could be more severely reduced by the time DNA replication machinery encounters lesions. We found that the frequency of mutation induced by lower doses of UV (up to 30 J/m^2^) was, in fact, significantly elevated in HU-treated cells in comparison to cells not treated with HU ([Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}). Similar to the experiment shown in [Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}, mutagenesis at higher UV doses was reduced in cells pre-treated with HU. The increase in Polζ mutagenesis at lower UV doses could potentially result from the inhibition of error-free mechanisms of lesion bypass under conditions of severely reduced dNTP pools, or from altered fidelity of nucleotide incorporation opposite lesions by Polζ. In either case, the results clearly demonstrate that the capacity of Polζ to bypass lesions *in vivo* does not require expanded dNTP pools. High dNTP levels, however, might be essential for lesion bypass by other DNA polymerases and for repair under DNA-damaging conditions.

DISCUSSION {#SEC4}
==========

Accumulating *in vivo* and *in vitro* data suggest that intracellular dNTP levels play an important role in determining the fidelity of DNA replication, and mimicking physiologically relevant dNTP concentrations is important for deducing DNA polymerase signatures from *in vitro* experiments ([@B5],[@B7]--[@B8],[@B13],[@B72]). High or imbalanced dNTP pools increase the probability of nucleotide misinsertion, mismatched primer extension and strand misalignment by replicative DNA polymerases. For example, mutations in the yeast *RNR1* gene encoding a subunit of RNR lead to alterations in dNTP pools and, as a result, to a dramatic increase in genome instability ([@B6]). The mutational specificity observed in these strains correlates well with misincorporation of nucleotides that are in excess. Higher dNTP concentrations may reduce proofreading by replicative DNA polymerases, contributing to the increased error rate ([@B6],[@B9],[@B13],[@B72]). Recent work by Mertz *et al.* demonstrated that the use of equimolar dNTP concentrations to determine error specificity of a mutator Polδ variant in the M13mp2 assay drastically underestimated the actual error rates for individual mispairs and significantly altered the mutational signature ([@B8]). Increasing dNTP concentrations also decreased the fidelity of exonuclease-deficient Polε in the M13mp2 assay and altered the specificity of nucleotide misincorporation ([@B73]). While the expansion of cellular dNTP pools is an integral part of DNA damage response, the effects of dNTP levels on the function of TLS polymerases are poorly understood. A previous study suggested that high dNTP levels stimulate TLS in *E. coli* by attenuating the proofreading activity of replicative DNA polymerase III ([@B13]). However, it has not been established whether elevated dNTP pools also stimulate the activity of TLS polymerases. In this work, we determined how the physiological shift from the S-phase to the damage-response dNTP concentrations affects the activity, fidelity and error specificity of yeast Polζ. We provide evidence that, unlike replicative DNA polymerases, Polζ is remarkably insensitive to proportional increases and decreases in dNTP concentrations and does not require high dNTP levels for its *in vivo* functions. Thus, Polζ-dependent synthesis might represent a unique cellular mechanism for tolerating low dNTP levels. The ability of Polζ to work at low dNTP levels also explains the long-known involvement of this polymerase in the generation of spontaneous mutations ([@B57],[@B58]), which presumably arise during the normal S-phase when checkpoints are not activated and dNTP pools are not expanded.

One of the important insights from this work is that the error signature of Polζ at the physiological dNTP levels (Figure [3A](#F3){ref-type="fig"}) is drastically different from its previously reported signature observed at equimolar (100 μM) dNTP concentrations ([@B26]). This finding further emphasizes the need to mimic absolute and relative *in vivo* dNTP levels in order to deduce DNA polymerase signatures from *in vitro* studies. It is also interesting that, in addition to using a non-physiological dNTP ratio, the study by Zhong *et al.* was performed at a time when Polζ was thought to be a two-subunit enzyme. Although low levels of four-subunit enzyme in those Polζ preparations are now thought to be predominately responsible for the observed polymerase activity ([@B22]), the abundance of two-subunit Rev3-Rev7 complex and the variable content of Pol31--Pol32 subunits could have contributed to the differences in error signature. Curiously, while we could not recapitulate the error spectrum reported by Zhong *et al.* even when we used 100 μM dNTPs with Polζ~4~, we saw a rather close similarity when we used Polζ~5~ and 100 μM dNTPs (see Figure [3D](#F3){ref-type="fig"} and the error specificity of Polζ in the presence of accessory proteins in ([@B26]). The only major difference was a higher rate of A-dCTP errors in the study by Zhong*et al.* that might have resulted from a bias introduced by strong hotspots that we did not observe. This profound spectra similarity suggests that the error spectrum reported by Zhong *et al.* might have, in fact, resulted from the activity of Polζ~5~.

In line with the previous report ([@B64]), we observed that Rev1 drastically inhibits the activity of Polζ~4~ *in vitro* (Figure [2C](#F2){ref-type="fig"}--[E](#F2){ref-type="fig"}). Although the mechanism of this inhibition remains enigmatic and requires further investigation, we speculate that the competition of Rev1 and Polζ for the primer terminus could negatively affect the rate of DNA synthesis. The strong increase in C misincorporation in Polζ~5~ reactions in comparison to Polζ~4~ (Table [1](#tbl1){ref-type="table"}, Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"} and [Supplementary Figure S2A and B](#sup1){ref-type="supplementary-material"}) is consistent with Polζ and Rev1 switching at the primer terminus. However, presumably lower processivity and a slower rate of dNTP incorporation by Rev1, as well as the delays associated with the physical exchange of the polymerases, could decrease the overall rate of synthesis. While it is an intriguing possibility that Rev1 restricts the activity of Polζ on undamaged DNA, thus preventing excessive mutagenesis, it is also possible that the inhibitory effect of Rev1 is related to a missing regulatory component in our *in vitro* assays. In particular, monoubiquitination of PCNA or phosphorylation of Rev1 might be necessary for the stimulation of Polζ by Rev1. In agreement with the latter idea, we have recently identified a mutant form of Rev1 with a deletion of the highly conserved M1 motif (Rev1-(135--150)). This Rev1 variant enhances TLS and processive replication by Polζ and possibly phenocopies a required post-translational modification of Rev1 ([@B64]).

This study also reveals that Polζ does not require high dNTP pools for the replication of undamaged DNA or the bypass of DNA lesions *in vivo*. DRIM was not decreased in the *pol3-Y708A* strain, but on the contrary, was even further elevated when dNTP pools were brought down by treatment with HU (Figure [5A](#F5){ref-type="fig"}). Similarly, mutagenesis induced by low doses of UV light was increased rather than decreased when cells were treated with HU prior to UV irradiation ([Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}). In line with these observations, using damage-response dNTP concentrations for TLS by Polζ *in vitro* only slightly improved nucleotide incorporation opposite *cis-syn* cyclobutane pyrimidine dimer and (6--4)-photoproduct and the bypass of these lesions ([@B17]). Furthermore, we observed only a minor difference in the activity, fidelity and error specificity of Polζ~4~ and Polζ~5~ when damage-response dNTP concentrations were used instead of S-phase concentrations (Figure [2](#F2){ref-type="fig"}, Table [1](#tbl1){ref-type="table"} and Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}). These findings are consistent with an earlier observation that K~m~ for the insertion of a properly base-paired nucleotide by Polζ is much lower than the calculated S-phase dNTP levels even when a rather inactive two-subunit Polζ without PCNA is used ([@B74]). Thus, the rise in dNTP levels in response to DNA damage or replication perturbations may be primarily needed to facilitate other, non-mutagenic tolerance mechanisms. High dNTP levels could improve the activity of replicative DNA polymerases, as well as the TLS capacity of Polη, which, at least in the case of UV-induced lesions, would contribute to mutation avoidance. Expanded dNTP pools could also potentially promote DNA repair and high-fidelity template-switching mechanisms of damage tolerance, where synthesis by replicative DNA polymerases might be required. Indeed, up-regulation of the RNR activity has been shown to promote the rate of fork progression during normal replication and under conditions of replication stress ([@B75]). Recent biochemical studies showed that the rate of DNA synthesis by Polδ is not optimal at physiological dNTP concentrations and can be substantially improved by increasing dNTP levels ([@B76]). Increased dNTP concentrations are also known to facilitate the bypass of certain lesions by replicative DNA polymerases *in vitro* and *in vivo* ([@B16],[@B77]).

Previous studies of the UV sensitivity of yeast strains deficient in TLS revealed a differential involvement of TLS polymerases in the bypass of UV lesions at low and high doses of irradiation. Polζ-deficient strains show higher sensitivity to low doses of UV light than Polη mutants, while Polη-deficient strains are more sensitive to higher doses (\>30 J/m^2^; ([@B70])). These data imply that the bypass of UV-induced lesions at lower doses relies predominantly on Polζ, while other polymerases become important at higher doses. The lack of effect of HU treatment on UV-induced mutagenesis at the low UV dose and the clear inhibition of mutagenesis by HU at higher UV doses (Figure [5E](#F5){ref-type="fig"} and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}) further proves that, unlike other DNA polymerases, Polζ does not require high dNTP levels for TLS *in vivo*. On the contrary, expanded dNTP pools become vital for lesion bypass at higher doses of UV irradiation when other DNA polymerases must be involved, such as Polη or replicative polymerases. The importance of high dNTP concentrations at high doses of UV light has been noted previously, and it has been suggested that elevated dNTP pools promote lesion bypass by Polδ ([@B77]). In addition, upregulation of dNTPs improves DNA damage tolerance of yeast strains deficient in all three TLS polymerases, presumably by stimulating synthesis by replicative polymerases ([@B16]). While the extent of dNTP pool expansion in cells treated with low and high UV doses has not been compared, experiments with chemical mutagens showed that lower doses result in a less pronounced increase in dNTP levels ([@B4]). It is tempting to speculate that the crucial role of Polζ in damage tolerance at lower UV doses is due to dNTP levels not being high enough at these doses for the other polymerases to bypass lesions.

In summary, it appears possible that Polζ evolved toward decreasing the dependence of its DNA synthesis activity on the levels of intracellular dNTPs, providing cells with a rescue tool when normal DNA replication is perturbed due to low dNTP supply. This hypothesis is further reinforced by our earlier finding that treatment of wild-type yeast strains with HU causes a Polζ-dependent increase in mutagenesis ([@B47]). Interestingly, it has been reported that depletion of dNTP pools can contribute to early stages of tumorigenesis by promoting replication stress and genome instability ([@B78]--[@B80]). The yeast and mammalian Polζ have the same subunit composition, show high amino acid sequence homology, and perform similar functions in TLS and DNA damage-induced mutagenesis ([@B81]--[@B87]). If human Polζ is similarly insensitive to decreases in dNTP levels, it is likely that the genome instability induced by depletion of dNTP pools in human cells results, at least in part, from error-prone DNA synthesis by Polζ recruited to the stalled replication forks.
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